Introduction
============

Acute lymphoblastic leukemia (ALL) is a heterogeneous group of malignancies of committed precursor lymphoid cells characterized by the clonal proliferation of T-cell or B-cell lineage lymphoblasts. ALL is primarily a disease of children, with a peak incidence of 7.7 per 100,000 between the ages of one and 4 years. Sixty percent of ALL cases are diagnosed before 20 years of age.[@b1-ijn-8-3479] While the rate begins to decline after the first decade of life, the incidence increases again in the fifth decade of life, with a smaller peak observed in patients older than 85 years.[@b2-ijn-8-3479] In adults, approximately 30% of ALL cases are associated with a biologically and clinically distinct variant characterized by the Philadelphia chromosome, a reciprocal translocation between chromosomes 9 and 22, designated as t(9;22)(q34;q11.2), which results in a constitutively active fusion tyrosine kinase protein, BCR-ABL.[@b3-ijn-8-3479],[@b4-ijn-8-3479] In contrast with children with ALL, the prognosis for adults diagnosed with ALL remains poor.[@b2-ijn-8-3479],[@b5-ijn-8-3479]--[@b7-ijn-8-3479] Compared with children with ALL, in whom long-term survival approaches 90%,[@b8-ijn-8-3479] the leukemia-free survival of adults with ALL ranges from 30% to 40% in large series with 3--7 years of follow-up.[@b9-ijn-8-3479]--[@b11-ijn-8-3479] Despite an initial complete remission rate of up to 90% following induction chemotherapy, a majority of adults will relapse and die of ALL.[@b9-ijn-8-3479],[@b12-ijn-8-3479],[@b13-ijn-8-3479] The high rate of relapse in adults with ALL as compared with children likely relates to many factors, including decreased response to regimens less toxic than pediatric induction chemotherapy regimens.[@b14-ijn-8-3479]--[@b16-ijn-8-3479] For patients who relapse after initial induction chemotherapy, allogeneic hematopoietic stem cell transplantation (HSCT) remains the best treatment option, although only a minority of patients makes it to transplant due to disease resistance, toxicity of salvage therapy, and comorbidities.[@b7-ijn-8-3479] However, in such patients, achievement of a second complete remission is a priority for optimal long-term outcome following allogeneic transplantation. Currently, there is no uniformly accepted standard salvage treatment for relapsed ALL, and novel therapies to improve outcome without increasing toxicities are required.

Recently, there has been growing interest in liposome-encapsulated drugs for delivery of more efficacious treatment with less toxicity. The clinical utility of most conventional chemotherapeutics is limited either by the inability to deliver therapeutic drug concentrations to the target tissues or by severe and harmful toxic effects on normal organs and tissues.[@b17-ijn-8-3479] Liposome-encapsulated drugs represent a potential way to overcome these limitations. Liposomes are small, spherical, and enclosed compartments separating an aqueous medium from another biphospholipid bilayer.[@b17-ijn-8-3479][Figure 1](#f1-ijn-8-3479){ref-type="fig"} illustrates how drugs can be packaged for delivery to target tissues within a liposome. Liposomes were first discovered by the British hematologist, Alec Bangham,[@b18-ijn-8-3479] and the first liposomal pharmaceutical product, liposomal doxorubicin (Doxil®, Johnson & Johnson, Brunswick, NJ, USA), received United States Food and Drug Administration (FDA) approval in 1995 for the treatment of chemotherapy-refractory acquired immune deficiency syndrome-related Kaposi's sarcoma.[@b17-ijn-8-3479] Doxil is currently approved for use in recurrent ovarian cancer and in relapsed or refractory multiple myeloma. Given the activity of liposome-encapsulated doxorubicin and other drugs,[@b17-ijn-8-3479] investigators have looked at additional drugs with activity in ALL that could also be encapsulated.

Vincristine, like the other vinca alkaloids, is very active against many of the lymphoid malignancies, including aggressive non-Hodgkin's lymphoma and ALL.[@b19-ijn-8-3479] In adults with ALL, vincristine remains an integral component of induction chemotherapy regimens.[@b20-ijn-8-3479]--[@b23-ijn-8-3479] Vincristine acts by binding to tubulin during active mitosis, resulting in microtubule depolymerization and metaphase arrest, leading to apoptosis.[@b24-ijn-8-3479],[@b25-ijn-8-3479] However, vincristine also binds to neuronal tubulin, disrupts axonal microtubules, and thus causes severe neurotoxicity, which has led to the clinical practice of capping the total dose of vincristine to 2.0 mg regardless of body surface area, potentially reducing clinical efficacy. The high affinity of vincristine to both mitotic and neuronal microtubules suggests that it may be difficult to prevent neurotoxicity without reducing clinical efficacy.[@b26-ijn-8-3479] The dosing limitations of vincristine have led researchers to investigate the use of liposomes to deliver vincristine with an increased half-life of the drug while decreasing toxicity. Liposome-encapsulated vincristine appears to be less neurotoxic in animal models as well as in humans.[@b26-ijn-8-3479] This review discusses current therapies for relapsed Philadelphia chromosome-negative ALL, focusing on liposome-encapsulated vincristine as a novel approach to a potentially more efficacious and safer means of delivering the drug.

Treatment of relapsed Philadelphia-negative ALL
===============================================

From a therapeutic perspective, it is useful to subclassify ALL according to the presence or absence of the Philadelphia chromosome. While Philadelphia chromosome-positive ALL is associated with a poor prognosis, the use of molecularly targeted therapy with imatinib or other tyrosine kinase inhibitors, in combination with chemotherapy, has improved the outcome of this disease variant.[@b28-ijn-8-3479]--[@b31-ijn-8-3479] Currently, there are no similar molecularly targeted agents approved for the treatment of Philadelphia chromosome-negative ALL variants. Allogeneic HSCT may improve the survival of adults when performed in first complete remission,[@b32-ijn-8-3479] and remains the best curative modality for patients with relapsed disease.[@b33-ijn-8-3479]--[@b35-ijn-8-3479] While the vast majority of adults with ALL will achieve complete remission with primary induction chemotherapy, most will relapse.

The goal of therapy in relapse is to obtain a remission without undue toxicity and to move to allogeneic transplantation as rapidly as possible if the patient is eligible. However, a vast majority of ALL patients, who are otherwise eligible for transplantation, die shortly after relapsing, and many do not achieve a second complete remission.[@b36-ijn-8-3479] This is emphasized by a study of 609 relapsed patients where the overall survival at 5 years was only 7%,[@b12-ijn-8-3479] highlighting the need for improved treatment of relapsed disease. Currently, there is no uniformly accepted standard of care for relapse, and outcomes with salvage chemotherapy for adults with relapsed or refractory ALL have traditionally been poor.[@b5-ijn-8-3479]

Multiple salvage chemotherapy regimens are used in relapsed ALL.[@b37-ijn-8-3479] Salvage regimens typically can be grouped according to the backbone drugs in a combination, and include: vincristine, corticosteroids, and anthracycline-based combinations; asparaginase-based combinations with or without methotrexate; high-dose cytarabine-based combinations; and miscellaneous combinations or single agents, including clofarabine and nelarabine (particularly for T-lineage ALL). Currently no survival benefit is apparent with any given chemotherapy approach,[@b12-ijn-8-3479] with drug resistance being a major limitation to successful treatment. As noted above, while intolerance of adult patients to high-intensity pediatric regimens may be partly responsible for the higher relapse rate, molecular and biological mechanisms of drug resistance continue to be described. Recently, activating mutations of the gene *NT5C2*, encoding the enzyme cytosolic purine 5′-nucleotidase responsible for inactivating the nucleoside analogs 6-mercaptopurine and 6-thioguanine, which are commonly used in ALL treatment, have been shown to be present in a small proportion of B-lineage and T-lineage ALL.[@b38-ijn-8-3479],[@b39-ijn-8-3479] In addition, multiple preclinical studies have identified abnormal cellular signaling in leukemia cells as a possible mechanism. For example, the immunoglobulin heavy chain binding protein, BIP/HSPA5, a pivotal component of the prosurvival axis of the unfolded protein response signaling network, is abundantly expressed in relapsed B-cell ALL and has been proposed as a chemotherapy-resistance biomarker.[@b40-ijn-8-3479] A murine model also detailed that obesity might be a factor in resistance, with ALL cells preferentially migrating to a proposed protective microenvironment within adipose cells.[@b41-ijn-8-3479] A number of Phase I and II clinical trials of novel agents are currently underway to investigate novel targeted therapies for relapsed ALL to improve outcomes.[@b42-ijn-8-3479],[@b43-ijn-8-3479] An alternative approach is to alter the delivery of drugs known to be efficacious against the disease to enhance drug exposure while minimizing limiting toxicity. Use of nanoparticle technology to enhance delivery of vincristine is one such promising therapy in ALL.

Vincristine is an important and active drug in first-line therapy of ALL as well as in the treatment of relapsed disease.[@b44-ijn-8-3479] Its administration is generally limited to weekly injections, usually for 2 months or less in most regimens because of severe peripheral neuropathy, including autonomic neuropathy that often leads to intestinal complications. Because of its narrow therapeutic index, the maximal antileukemia activity of free vincristine is not realized.[@b24-ijn-8-3479] Thus, an approach to increasing the dose intensity of vincristine while decreasing its toxicity through the use of liposome encapsulation technology has been investigated.

Liposome-encapsulated anticancer drugs
======================================

Liposomes are artificially prepared vesicles composed of a lipid bilayer that are used as drug delivery vehicles, and have been shown to enhance the therapeutic activity of a number of anticancer drugs.[@b17-ijn-8-3479],[@b45-ijn-8-3479]--[@b50-ijn-8-3479] Liposomes encapsulate a region of aqueous solution inside a hydrophobic membrane ([Figure 1](#f1-ijn-8-3479){ref-type="fig"}), and can be used to overcome suboptimal pharmaceutical properties of certain drugs, including low solubility, instability, and rapid metabolism, and may reduce systemic toxicity by allowing selective delivery of the drug to the tumor site. The extent of encapsulation of a dissolved aqueous drug, such as vincristine sulfate, and subsequent retention of the drug within the liposome, both in vitro and in vivo, has been shown to depend on the lipid composition of the liposome and on the magnitude of the transmembrane pH gradient.[@b51-ijn-8-3479] Multiple lipids have been used to construct liposomes. Most utilize a phosphatidylglycerol or phosphatidylcholine base, while some are derived from egg or soy.[@b17-ijn-8-3479] Doxil is a PEGylated liposome using distearoylphosphatidylethanolamine bound to polyethylene glycol.[@b52-ijn-8-3479] Liposomes containing a low pH can be constructed such that dissolved aqueous drugs will be charged in solution, and because the pH naturally neutralizes within the liposome through transmembrane passage of protons, the drug will also be neutralized, allowing it to pass freely through the membrane.

Appropriately designed liposomes also have the ability to accumulate passively in tissues with fenestrated vasculature (eg, bone marrow, spleen, liver, lymph nodes, and within solid tumors),[@b53-ijn-8-3479] resulting in enhanced exposure of tumor tissue to drug to a greater extent than can be achieved by administration of free drug. Also, retention of the drug in the liposome can increase its duration of exposure to cancer cells, while minimizing the concentration of free drug in the circulation, which can contribute to toxicity.[@b54-ijn-8-3479]

The earliest work focused on liposomal encapsulation of anthracyclines,[@b45-ijn-8-3479],[@b46-ijn-8-3479] eventually leading to approval of liposome-encapsulated doxorubicin (Doxil) by the FDA, and subsequently liposome-encapsulated daunorubicin (DaunoXome®, Galen Pharmaceuticals, Craigavon, Northern Ireland). In both cases, the liposomal anthracycline formulation retained the efficacy of the free drug but was associated with reduced toxicity in clinical trials in a variety of cancers,[@b55-ijn-8-3479]--[@b58-ijn-8-3479] including ALL, where the use of liposomal daunorubicin in place of free doxorubicin in the hyper-CVAD (fractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone) regimen was well-tolerated in relapsed or refractory ALL.[@b57-ijn-8-3479] The development of these two drugs helped to establish the paradigm for approval that if a liposomal-encapsulated drug could be shown to be comparable in efficacy to its free counterpart while causing less adverse events, then it could be approved for use.

Liposomal cytarabine (Depocyt®, Pacira Pharmaceuticals Inc, San Diego, CA, USA) is another drug active in ALL which, after encapsulation, showed improved outcomes when used intrathecally to treat leptomeningeal disease.[@b59-ijn-8-3479] The systemic use of liposomal cytarabine was investigated in a Phase I study using a fixed molar ratio formulation of cytarabine and daunorubicin (CPX-351) in 48 patients with relapsed or refractory acute myeloid leukemia or high-risk myelodysplastic syndrome.[@b60-ijn-8-3479] Pharmacokinetic data showed that the intended plasma ratio of 5:1 was maintained at all dose levels, while nearly all of the detectable cytarabine and daunorubicin in the circulation was liposome-encapsulated.[@b61-ijn-8-3479] Although not tested in ALL, a randomized Phase II trial is currently ongoing using CPX-351 for the treatment of high-risk patients with untreated myelodysplastic syndrome or acute myeloid leukemia, and is attempting to improve the treatment-related mortality rate while at least keeping the complete remission rate constant (ClinicalTrials.gov identifier, NCT01804101). These studies continue to support further investigation of drugs active in hematologic malignancies in newly developed liposome-encapsulated versions.

Liposome-encapsulated vincristine
=================================

Vincristine is a vinca alkaloid with activity against a broad range of cancers, including Hodgkin's and non-Hodgkin's lymphoma, chronic lymphocytic leukemia, ALL, and a variety of solid tumors. As noted above, vincristine exerts its cytotoxic activity by attaching to the growing end of microtubules and preventing their assembly, arresting cell growth in metaphase. Therefore, as a cell-cycle specific cytotoxic drug, prolonging exposure time to the drug is expected to be therapeutically advantageous; perhaps even more so than prolonged exposure to anthracyclines which do not act in a cell cycle-specific manner. In leukemia cell lines, exposure to vincristine from one to 72 hours resulted in a 10^5^-fold reduction in the drug concentration needed to cause 50% cytotoxicity (IC~50~), compared with only a 40-fold reduction in the IC~50~ for doxorubicin following prolonged exposure to the same extent.[@b48-ijn-8-3479],[@b51-ijn-8-3479] Pharmacokinetic data with free vincristine detailed rapid tissue binding, low serum concentrations after intravenous administration, and extensive tissue distribution in vivo,[@b62-ijn-8-3479],[@b63-ijn-8-3479] limiting its potential therapeutic efficacy. While continuous intravenous infusion of vincristine has been investigated as a way to increase drug exposure, significant neurotoxicity still occurred.[@b64-ijn-8-3479] Furthermore, conventional vincristine is limited by significant peripheral and central nervous system neurotoxicity, which occurs at doses higher than 1.4 mg/m^2^. Therefore, it was hypothesized that if liposomal encapsulation and delivery results in higher levels of drug at tumor sites for longer periods of time, greatly improved efficacy may be expected with a cell cycle-specific drug like vincristine,[@b51-ijn-8-3479] and retention of drug in the liposome would result in lower drug concentrations in tissues where toxicity occurs, including the peripheral and central nervous systems.[@b24-ijn-8-3479]

Preclinical development of liposome-encapsulated formulations of vincristine
----------------------------------------------------------------------------

The earliest investigations of liposomal encapsulation of vincristine failed to demonstrate a therapeutic advantage over free vincristine sulfate in murine leukemia models.[@b65-ijn-8-3479] Indeed, the low solubility of vincristine in aqueous solution at physiologic pH and its relatively high permeability to membranes, resulting in poor retention of drug in the liposome, initially presented significant limitations to development of a stable liposomal vincristine formulation. Subsequent work identified that transmembrane pH gradients, with the inside of the vesicle being acidic, can result in significantly improved trapping of drug in the liposome.[@b66-ijn-8-3479]--[@b68-ijn-8-3479] Furthermore, maintenance of the pH gradient is affected, at least in part, by the lipid composition of the liposome.[@b47-ijn-8-3479] Utilizing such transmembrane pH gradient drug uptake processes, almost 100% trapping of vincristine was achieved inside egg phosphatidylcholine/cholesterol and distearoylphosphatidylcholine (DSPC)/cholesterol liposomes, when the internal pH of the liposome was lowered to 4.0.[@b47-ijn-8-3479] However, while both DSPC/cholesterol and egg phosphatidylcholine/cholesterol preparations had similar vincristine trapping efficiency, the pH gradient across the membrane was significantly more sustained in DSPC/cholesterol vesicles with better retention of vincristine in the liposome,[@b47-ijn-8-3479] resulting in a longer drug circulation time and enhanced tumor delivery and antitumor activity compared with free vincristine.[@b47-ijn-8-3479],[@b48-ijn-8-3479] In murine models of lymphocytic leukemia, the DSPC/cholesterol liposome formulation showed greater antitumor efficacy compared with either free vincristine or the egg phosphatidylcholine/cholesterol formulation,[@b47-ijn-8-3479],[@b48-ijn-8-3479] and the LD~50~ (median lethal dose) was significantly higher with DSPC/cholesterol liposome-encapsulated vincristine formulation (LD~50~ 4.8 mg/kg) compared with free vincristine (LD~50~ 1.9 mg/kg), indicating that liposomal encapsulation increased drug delivery with less toxicity.[@b47-ijn-8-3479]

The observation that the antitumor efficacy of liposome-encapsulated vincristine increases with liposome circulation time and increased retention of the drug within the liposome after intravenous administration[@b47-ijn-8-3479],[@b48-ijn-8-3479],[@b69-ijn-8-3479] led to further attempts at optimizing the liposome formulation. However, because lowering the pH buffer within the liposome to increase the pH gradient and improve vincristine retention resulted in increased acid-catalyzed hydrolysis of the phosphatidylcholine component of the liposome, more chemically stable lipids were investigated.[@b69-ijn-8-3479],[@b70-ijn-8-3479] This led to identification of sphingomyelin/cholesterol liposomes, which were more resistant to acid-mediated hydrolysis, and also had a longer in vivo circulation time compared with DSPC/cholesterol liposomes, likely related to lower adsorption of serum proteins to the sphingomyelin/cholesterol liposomes, which contributes to clearance of the liposomes by the mononuclear phagocytic system.[@b70-ijn-8-3479] In mouse leukemia models, it was confirmed that sphingomyelin/cholesterol formulations were significantly more effective at reducing tumor progression than free vincristine or vincristine encapsulated in DSPC/cholesterol formulations.[@b70-ijn-8-3479]

Pharmacokinetic data also confirmed that sphingomyelin/cholesterol liposome-encapsulated vincristine had a longer half-life (6.6 hours versus 1.36 hours), a higher area under the plasma concentration-time curve (213 μg⋅h/mL versus 0.59 μg⋅h/mL), and a smaller volume of distribution (2.0 mL versus 145 mL) compared with free vincristine.[@b54-ijn-8-3479] As indicated in [Figure 1B](#f1-ijn-8-3479){ref-type="fig"}, chemically attachment of water-soluble polymers, such as polyethylene glycol, to the lipid polar heads of the liposome has been used to limit removal of liposomes by phagocytic cells in vivo.[@b71-ijn-8-3479],[@b72-ijn-8-3479] However, while the addition of polyethylene glycol to sphingomyelin/cholesterol liposomes increased liposome circulation longevity, it also resulted in significant leakage of vincristine from the liposomes, resulting in no added benefit.[@b70-ijn-8-3479]

Preclinical models also confirmed that vincristine encapsulated in sphingomyelin/cholesterol liposomes accumulated preferentially at tumor sites, which correlated with antitumor activity.[@b54-ijn-8-3479],[@b70-ijn-8-3479],[@b73-ijn-8-3479] Furthermore, this was related to liposomal extravasation into the tumor rather than uptake by tumor cells of free vincristine that had been released from liposomes in the circulation.[@b70-ijn-8-3479] In a murine model with human breast cancer xenografts, sphingomyelin/cholesterol liposome-encapsulated vincristine resulted in targeted delivery of the drug, with a four-fold increase in concentration of drug in tumor tissue and a three-fold increase in bone marrow, with maintenance of significant tissue drug concentrations for several days compared with free vincristine, and without increased toxicity.[@b73-ijn-8-3479] The antitumor efficacy of sphingomyelin/cholesterol liposome-encapsulated vincristine has also been confirmed in several preclinical murine and human tumor xenograft models, representing several cancer types,[@b54-ijn-8-3479],[@b70-ijn-8-3479],[@b73-ijn-8-3479]--[@b76-ijn-8-3479] including human ALL.[@b24-ijn-8-3479] The aggregate of the above studies supports the utility of encapsulating vincristine in sphingomyelin/cholesterol liposomes to increase drug delivery while limiting release in the central blood compartment to decrease drug toxicity. A schematic of the development of liposomal vincristine is summarized in [Figure 2](#f2-ijn-8-3479){ref-type="fig"}.

Clinical efficacy of vincristine sulfate liposome injection (Marqibo®) in ALL
-----------------------------------------------------------------------------

Based on the efficacy of liposome-encapsulated vincristine and the decreased toxicity observed in preclinical studies, clinical trials were initiated in humans with solid tumors and relapsed hematologic malignancies. The first open-label, dose-escalation Phase I clinical trial of liposomal vincristine was conducted using a DSPC/cholesterol liposomal formulation of vincristine sulfate (ONCO-TCS; British Columbia Cancer Agency, Vancouver, BC, Canada) in 25 patients with previously treated solid tumors.[@b77-ijn-8-3479] Patients were treated with escalating doses of vincristine from 0.5 mg/m^2^ to 2.8 mg/m^2^ intravenously over 60 minutes every 3 weeks. Dose-limiting toxicities, including myalgias, peripheral neuropathy, and constipation, were observed at the highest dose level of 2.8 mg/m^2^. The maximum tolerated dose was defined as 2.4 mg/m^2^. Overall grades 3--4 toxicities observed across all dose levels were constipation (12%), fatigue (8%), anemia (8%), and alopecia (8%). One partial response was seen in a patient with pancreatic cancer, and tumor response not meeting partial response criteria was seen in two other patients.[@b77-ijn-8-3479] Pharmacokinetic studies, which measured total plasma (both liposome-entrapped and nonencapsulated) vincristine concentrations, indicated that plasma elimination of vincristine after injection best fits a two-compartment model, suggesting that this formulation protects vincristine from the early phase of rapid elimination seen with the standard nonencapsulated drug formulation.[@b77-ijn-8-3479],[@b78-ijn-8-3479] In addition, total vincristine plasma concentrations were significantly greater following liposomal administration than described previously following nonencapsulated vincristine injection.[@b77-ijn-8-3479],[@b78-ijn-8-3479] It should be noted, however, that the plasma concentration of free vincristine released from the liposome into the circulation was too low to be quantified.

Subsequent clinical investigation, including clinical development in ALL patients, was performed using the optimized liposome formulation, ie, vincristine sulfate liposome for injection (VSLI, Marqibo®, Talon Therapeutics Inc, San Francisco, CA, USA). Marqibo is a proprietary nanoparticle formulation of vincristine in an aqueous core of sphingomyelin and cholesterol liposomes developed for clinical use. Evaluation of VSLI in patients with ALL followed encouraging results in 16 adult patients with relapsed and refractory ALL who were enrolled on an extension study of a Phase II trial in patients with relapsed, aggressive non-Hodgkin's lymphoma.[@b26-ijn-8-3479] Eight of these patients had Philadelphia chromosome-positive ALL. Patients received VSLI 2 mg/m^2^ intravenously over 60 minutes every 2 weeks until rapid disease progression or dose-limiting toxicity occurred. Of 14 patients evaluable for response, two responded (one complete remission, one partial response) and four further patients had transient reduction in bone marrow blasts. Toxicity was minimal, although treatment was limited, with only a median two (range 1--5) doses delivered. Two patients developed grade 1 peripheral neuropathy after two and four doses, respectively, and one patient developed grade 3 seizure that was not attributed to VSLI.[@b79-ijn-8-3479] The observed antileukemic activity of VSLI in this refractory group of patients, and the minimal toxicity observed, warranted further investigation of this agent in relapsed ALL.

To optimize dosing and better define the toxicity of VSLI in adult patients with relapsed or refractory ALL, a multicenter Phase I trial was conducted to determine the maximum tolerated dose.[@b80-ijn-8-3479] Thirty-six patients of median age 32 years with relapsed or refractory ALL, all pretreated with conventional vincristine, received at least one dose of VSLI. In a 3 + 3 dose-escalation design, five dose levels of intravenous VSLI were tested, including 1.5 mg/m^2^, 1.825 mg/m^2^, 2.0 mg/m^2^, 2.25 mg/m^2^, and 2.4 mg/m^2^. VSLI was administered weekly, together with dexa methasone (40 mg) on days 1--4 and 11--14 of each 4-week cycle, with therapy continued until progression or dose-limiting toxicity. The maximum tolerated dose of VSLI was 2.25 mg/m^2^ based on dose-limiting toxicities of grade 3 motor neuropathy, grade 4 seizure, and grade 4 hepatotoxicity in one patient each at the 2.4 mg/m^2^ dose level. The most common toxicities attributed to VSLI included peripheral neuropathy (55%) and constipation (53%). Seven of 36 (19%) patients achieved a complete remission based on intent-to-treat analysis, and four of 14 (29%) patients receiving VSLI as their first salvage attempt achieved complete remission. Additionally, four of the seven patients who achieved complete remission underwent subsequent allogeneic HSCT in remission.[@b80-ijn-8-3479] The results indicated that VSLI plus dexamethasone is an effective salvage treatment for patients for relapsed or refractory ALL, and may be used as a well-tolerated, successful option as a "bridge" to allogeneic transplantation.

Based on the encouraging activity in the Phase I trial, and the clear unmet need of patients with relapsed or refractory ALL, for whom no accepted standard therapy exists, a multinational, pivotal, single-arm, open-label, Phase II trial of weekly VSLI monotherapy was conducted in patients with relapsed and refractory B-cell or T-cell lineage Philadelphia chromosome-negative ALL. The results of this trial have recently been reported,[@b81-ijn-8-3479] and have served as the basis for accelerated approval of VSLI in the US by the FDA on August 9, 2012. Sixty-five adult patients, of median age 31 (range 19--83) years, with clinically advanced and heavily pretreated relapsed or refractory ALL, received intravenous VSLI 2.25 mg/m^2^ weekly on days 1, 8, 11, and 22 of each 28-day cycle until disease progression, toxicity, or a decision to pursue other treatment, such as allogeneic HSCT, was made. Most patients had a large disease burden at the time of study treatment, with median bone marrow or peripheral blood blast content of 82%, and more than half of the patients had received at least three lines of prior therapy. Forty-five percent of the patients were also refractory to their immediate prior line of therapy. After a median of four (range 1--18) doses of VSLI, a complete remission (or complete remission with incomplete count recovery \[CRi\]) was observed in 20% of patients, and an additional 15% achieved a partial response for an overall response rate of 33%. Of note, eight patients who achieved complete remission/CRi were also in molecular remission by minimal residual disease assessment. The median duration of complete remission/CRi was 23 (range 5--66) weeks. Importantly, 12 of the 13 patients who achieved complete remission/CRi were successfully "bridged" to allogeneic HSCT. Thirty-seven patients (58%) experienced at least one grade 3 or 4 treatment-related adverse event. Grade 3 peripheral neuropathy occurred in 15 patients, and one patient developed grade 4 neuropathy. Other serious adverse events included febrile neutropenia (5%), tumor lysis syndrome (5%), and constipation (3%). The 30-day induction mortality was 12%.

The results of the pivotal Phase II trial of VSLI monotherapy compare well with other salvage therapies in patients with clinically advanced relapsed or refractory ALL. Unfortunately, no randomized, comparative Phase III trials in this population have been reported. Currently, only limited comparisons with small studies of other agents in comparable populations can be made. In a retrospective analysis of a subgroup of 56 patients with clinically advanced relapsed and refractory Philadelphia chromosome-negative ALL treated with non-VSLI single agents, only 4% achieved complete remission/CRi, with 17 of 56 patients dying within 30 days of treatment.[@b5-ijn-8-3479],[@b82-ijn-8-3479] Single-agent clofarabine induced complete remission in only one of eight relapsed ALL patients (13%) in need of third-line therapy, with all remission being short-lived.[@b83-ijn-8-3479] In a study of the combination of clofarabine plus cytarabine, three of 16 (19%) ALL patients in need of third-line or higher treatment achieved complete remission/CRi.[@b84-ijn-8-3479] Finally, single-agent nelarabine was reported to result in complete remission in five of 28 patients with relapsed or refractory T-cell lineage ALL or lymphoblastic lymphoma.[@b85-ijn-8-3479]

Conclusion
==========

VSLI represents a significant advance in nanotechnology for liposomal delivery of chemotherapy drugs to improve efficacy and reduce toxicity. Currently, VSLI is approved by the FDA for treatment of Philadelphia chromosome-negative ALL in second or greater relapse or where disease has progressed following two or more chemotherapy regimens. However, despite the significant clinical antileukemic activity seen in the pivotal Phase II trial that led to its approval, the role of VSLI remains unclear in ALL. Phase III trials need to be completed to demonstrate improvements in overall survival or rate of complete remission when compared with other second or third salvage regimens to establish fully the role of liposomal vincristine in Philadelphia chromosome-negative ALL. Furthermore, the optimal use of VSLI remains to be defined. Possessing a clear advantage over conventional vincristine, VSLI is likely to find its optimal role in combination chemotherapy regimens, where it can be substituted for conventional vincristine in earlier phases of the disease. To this end, a randomized Phase III study to evaluate the substitution of VSLI for standard vincristine in the treatment of patients 60 years or older with newly diagnosed Philadelphia chromosome-negative ALL is about to open. The trial will compare VSLI with free vincristine in the standard CALGB 8811 regimen[@b21-ijn-8-3479] with the study arm incorporating VSLI dosed at 2.25 mg/m^2^ without a dose cap, with overall survival as the primary endpoint.[@b86-ijn-8-3479] By comparing the overall survival as well as neurotoxicity profile between the two arms in this study, the suggested benefits of greater efficacy with less toxicity of liposome-encapsulated vincristine observed in earlier studies will hopefully be confirmed.

While VSLI represents an important advance in the treatment of patients with relapsed ALL, the response rate and duration of response remain modest, with much room remaining for improvement. Future improvements in its liposomal formulation may allow greater delivery of vincristine to leukemic cells. For example, increasing the drug-to-lipid ratio in sphingomyelin/cholesterol liposomes has been associated with enhanced antitumor activity in animal models of human cancers by further prolonging the half-life of vincristine.[@b87-ijn-8-3479] The use of a more saturated phospholipid, dihydrosphingomyelin, in sphingomyelin/cholesterol liposomes may further improve vincristine retention and result in a longer circulation half-life with potentially improved antitumor efficacy.[@b88-ijn-8-3479] Finally, applying a calcium phosphate nanoshell to the liposome has resulted in higher cellular uptake in tumor cells compared with uptake from uncoated liposomes, attributed to improved drug release at the pH of the tumor interstitium.[@b89-ijn-8-3479] However, beyond improved delivery, future dosing recommendations for all vincristine formulations should take into account differences in drug metabolism in different patient populations. For example, patients who express the CYP3A5 genotype, found in 70% of African Americans, suffer less neurotoxicity following treatment with vincristine,[@b90-ijn-8-3479] and therefore may be able to tolerate higher doses of the drug, even when encapsulated in liposomes. Finally, it is clear that all drug resistance in ALL will not be overcome simply by enhanced drug delivery or dose optimization of vincristine, and further investigation of novel agents and approaches are still urgently required to improve the outcome of ALL.
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![Liposomes for drug delivery. Liposomes are spherical vesicles that have a lipid bilayer shell and can be modified for delivery of drugs. (**A**) Simple liposomes can trap hydrophobic drug molecules a few nanometers in diameter (red spheres) within the hydrophobic bilayer, and hydrophilic molecules up to several nanometers (green star) in its larger interior. (**B**) "Stealth" liposomes contain a small percentage of water-soluble polymers (eg, polyethylene glycol) chemically attached to the polar heads of lipids to mitigate rapid removal of the liposome by immune cells in vivo, and are better suited to drug delivery. Peptides (blue rectangle) that target specific biological targets may be attached to the polymers. While polymers have been employed in liposome encapsulation of some anticancer drugs, such as doxorubicin, they are not currently used in liposomal vincristine formulations.\
**Note:** Adapted by permission from Macmillan Publishers Ltd: *Nature*. 2012;489(7416):372--374. Safinya and Ewert. Materials chemistry: Liposomes derived from molecular vases. Copyright © 2012.[@b27-ijn-8-3479]](ijn-8-3479Fig1){#f1-ijn-8-3479}

![Development of vincristine sulfate liposomal injection. Free vincristine is active in acute lymphoblastic leukemia, but has suboptimal pharmacokinetics with a large volume of distribution leading to extensive tissue binding. Utilizing the knowledge that other anticancer drugs had been encapsulated in liposomes to overcome similar pharmacokinetic challenges, vincristine was encapsulated with a distearoylphosphatidylcholine and cholesterol liposomes with a pH gradient to load the drug into the vesicles. Subsequent development of liposomal formulations to optimize pharmacokinetic properties led to the identification and development of sphingomyelin/cholesterol liposomes, for encapsulation of vincristine. These sphingomyelin liposomes offer the advantages of longer plasma circulation time and enhanced target-tissue accumulation.](ijn-8-3479Fig2){#f2-ijn-8-3479}
